Objective: Gestational weight gain (GWG) is associated with childhood obesity. We analyzed whether this effect persists into adulthood and is mediated by effects in childhood. Design: The design of the study a prospective birth cohort study established in [1959][1960][1961]. Subjects: The subjects were offspring (n ¼ 4234 of whom 2485 had information from the last follow-up) of mothers included in 'The Copenhagen Perinatal Cohort' during pregnancy or at birth. Measurements: Information on maternal pre-pregnancy body mass index (BMI), GWG and several potential confounders were collected around delivery. Information on offspring BMI was available from various follow-up examinations from 1 to 42 years of age. The association of GWG with offspring BMI was analyzed by regression models including confounders. Using path analysis, the association of GWG with adult BMI was disentangled into an association mediated through childhood BMI and one independent hereof. Results: GWG was associated with offspring BMI at all ages. At the age of 42 years (n ¼ 1540), there was an increasing risk of obesity (odds ratio (OR) 1.08, 95% confidence interval (CI) 1.03-1.14 per kg GWG, P ¼ 0.003). Only half of the association of GWG on offspring adult BMI was mediated through birth weight and BMI up to 14 years of age. Conclusion: Greater GWG is associated with an increased BMI in childhood through adulthood and with an increased risk of obesity in adults. Only part of the association with adult BMI is mediated by childhood BMI, suggesting that excessive GWG induces a persisting susceptibility to obesogenic environments. As GWG is greater in women with small pre-pregnancy body weight, this implies a reinforcement of the obesity epidemic in the next generation. Our findings provide support for avoiding excessive GWG.
Introduction
The obesity epidemic among adults seems to be preceded by an increased prevalence of obesity among preschool children, 1 and the fetal period may be of importance. 2, 3 Early growth restriction has received considerably interest as a risk factor for later cardiovascular disease, but in relation to obesity, fetal overnutrition seems a more concerning risk factor. It is well established that a high birth weight is associated with a higher body mass index (BMI) or risk of obesity in later life. 4 Furthermore, maternal overweight before pregnancy and maternal diabetes are associated with offspring obesity, possibly due to genetic effects, but perhaps also because of the intrauterine environment. [5] [6] [7] [8] This transgenerational association implies that the maternal obesity may, by its effect on the offspring, induce a viscous cycle accelerating the obesity epidemic in successive generations. 7, 9, 10 Such acceleration has been observed in the stepwise development of the obesity epidemic in Denmark, where the second phase was much steeper than the first phase. 1 Furthermore, a high gestational weight gain (GWG) has recently been associated with an increased risk of overweight in children aged 2-14 years [11] [12] [13] [14] [15] and in 21-year olds, 16 after adjusting for maternal BMI. Thus, recommenda-tions for GWG may also need to take into account the longterm effects on the offspring. 17 We analyzed whether GWG is associated with offspring BMI in childhood through adulthood, and whether the possible effects on adult BMI are direct or indirectly mediated through effects on BMI in earlier life.
Patients and methods
The Copenhagen perinatal cohort The Copenhagen perinatal cohort consists of 9125 individuals born at the Copenhagen University Hospital from 1959 to 1961. 18 The hospital preferentially admitted mothers for whom home delivery was 'inadvisable' (primarily single mothers) and mothers with current or previous pregnancy or delivery complications. One physician (Dr Aage Willumsen) was responsible for collecting information on the mother's social, general medical and obstetrical history. He interviewed all mothers 5 days after births, and 67% of the mothers at their first visit to antenatal clinic. Of the mothers included in the current study (n ¼ 4234), 43% had no complications of the current pregnancy, 29% had anemia, 23% had edema and 25% had at least one of the complications: hypertension, proteinurea and pre-eclampsia, whereas other complications were rare. The parents were invited for an examination of the children when aged 1, 3, and 6 years, carried out at the hospital by Dr Bengt Zachau-Christiansen.
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Follow-up examinations Information on height and weight (7-14 years) was obtained from mandatory school health examinations for those attending school in the municipality of Copenhagen, 1, 4 and for the men from the mandatory draft board examinations. 19 At the age of 20-34 years, a subsample participated in a research program on the effect of prenatal exposure to maternal prescribed medication. 19 At the age of 41-43 years (referred to as 42 years), 98% of the study participants surviving infancy were still alive and traceable, and they were sent a questionnaire on lifestyle factors and health. This included weight, height and waist circumference measured with an enclosed tape measure, and the response rate was 54%. The follow-up examinations were approved by the local ethical committees, and participants gave written informed consent.
Variables
Gestational weight gain was reported as o6, 6-8, 9-10, 11-12, 13-15 or 416 kg, and these categories were assigned the values of 5.5, 7.0, 9.5, 11.5, 14.0 and 16.5 kg, when GWG was included as a linear variable. Information on how GWG data were obtained was not available, but it was most likely collected from medical records. Potential confounders (based on preliminary analyses) adjusted for were: sex, maternal age (years), pre-pregnancy BMI (kg m
À2
), parental social class (1-8 point scale, 8 is the highest), breadwinner's education (1-4 point scale, 4 is the highest), single-mother status (yes/ no), maternal smoking, edema during pregnancy and preterm birth (yes/no, defined as a gestational age p37 weeks due to the original categorization of the variable).
Owing to uncertainty about the recorded gestational age, we primarily used prematurity (yes/no) in the analyses, but the findings were similar if gestational age in weeks were used (data not shown). Birth weight was considered to be a potential mediator of the effect of GWG on offspring BMI, and hence analyses were conducted with and without birth weight. On the basis of the preliminary analyses, the following variables were not considered to be potential confounders: parity, duration of breast feeding, age at introduction of complementary foods and, for the female offspring, whether they have had children.
Body mass index from 1 to 42 years, overweight (BMI X25 kg m
) and obesity (BMI X30 kg m
) at the age of 42 years were the outcome variables. The age intervals at the preschool follow-up examinations were broad and only measurements performed within the age intervals of X10-o14 months, X2.5-o3.5 and X5.5-o6.5 years were included and referred to as the 1-, 3-and 6-year examinations, respectively. From the school health records, BMI from age X6.5-o7.5 years was included as a 7-year measurement and so on. All childhood BMI measurements were transformed to BMI Z-scores (BMI-Z), using the British 1990 growth references 20 for gender and exact age. For adults (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) and 42 years), internal sex-specific BMI-Z was created to compare the results with those obtained in children. Analyses, including BMI at the draft board (16-23 years) and the first adult follow-up examination (20-34 years), were adjusted for current age.
Subjects available for analysis and sample attrition
The original cohort consisted of 9125 infants of whom 996 were stillborn, died during infancy, were from twin or triple births and were excluded. (The high rates were due to the hospitals admission criteria and included infants born down to a birth weight at 250 g). Included in the analyses were individuals (n ¼ 4234) with information on GWG, birth weight, maternal BMI and at least 1 BMI measurement from 1 year of age or older. The included subsample did not differ from the remaining cohort with respect to BMI from 1 to 20-34 years of age (data not shown), but at the age of 42 years the included women had a slightly lower BMI (24.3±4.7 vs 24.9 ± 5.3 kg m
À2
, Po0.001), whereas no difference was observed for the men (25.7 ± 3.7 vs 25.8 ± 3.8 kg m
), P ¼ 0.585). Adult BMI (42 years) was considered to be the most important outcome of the study, and within the male part of the study, the availability of information on this outcome was associated with a higher parental social class, whereas no association was observed for other variables including GWG, birth weight and BMI in earlier life, and for any variables pertaining to the women (Table 1) .
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Statistical analyses
At all ages, all individuals with the BMI measurement were included, and the effect of GWG on offspring BMI-Z was explored in models with and without adjustment for covariates. Preliminary analyses indicated GWG to be included as a linear variable at all ages. Logistic regression was used to explore the effect of GWG on the risk of adult (42 years) overweight and obesity. The regression analyses were conducted using SPSS (version 15.0, SPSS Inc., Chicago, IL, US). Path analysis 21 was used to divide the effect of GWG on adult BMI-Z (42 years) into an indirect effect mediated through body size in childhood (birth weight and BMI-Z (1-14 years)) and brought into adulthood by tracking, and a direct effect that cannot be explained by known earlier body size. The path analysis implies simultaneous estimation of regression models for all intermediate measurements (birth weight and BMI-Z from 1 to 14 years) and for the outcome variables (adult BMI-Z). The regression models included the effect of GWG, covariates and all previous growth measurements as independent variables, for example, the 7-year BMI-Z was regressed on GWG, covariates, birth weight and BMI-Z at 1, 3, and 6 years. The final regression was adult BMI-Z on GWG, covariates, birth weight and all measurements of BMI in childhood. The model was reduced to give a good fit by removing all nonsignificant effects, except the effects of covariates and the effect of GWG.
Results Table 1 shows baseline characteristics. The prevalence of overweight among the mothers was 9%, and among the offspring it was 3-5% during school years (International Obesity Task Force criteria 22 ), and 33 and 53% in adulthood for women and men, respectively.
Associations between GWG, offspring adult BMI and covariates As shown in Tables 2 and 3 , several covariates were associated with both GWG and offspring adult BMI (42 years). High maternal pre-pregnancy BMI was associated with a low GWG (o6 kg), and with a high risk of adult Gestational weight gain and offspring obesity L Schack-Nielsen et al obesity in the offspring. High parental social class in early life was associated with an intermediary GWG (11-12 kg) and a decreased risk of overweight and obesity in adult offspring.
Regression analyses
In logistic regression analyses adjusting for birth weight and covariates, GWG was positively associated with the risk of offspring adult (42 years) obesity (odds ratio (OR) 1.08, 95% confidence interval (CI 1.03-1.14, P ¼ 0.003 per kg GWG, n ¼ 1540), and the same trend was observed for overweight (OR 1.03, 95% CI 1.00-1.06, P ¼ 0.095, n ¼ 1540; Figure 1 ). This amount to a 2.36 (1.08-5.15)-fold increase in the risk of obesity and a 1.28 (0.89-1.85)-fold increase in the risk of overweight in the highest (X16 kg) versus the lowest (o6 kg) GWG category. The effect of GWG persisted when restricting the sample to those whose mothers did not have pregnancies complicated by edema, diabetes mellitus type 1, hypertension, pre-eclampsia and proteinurea; the risk of obesity was 1.09 (1.03-1.16, P ¼ 0.006, n ¼ 1127) and the risk of overweight was 1.04 (1.00-1.08, P ¼ 0.058) per kg GWG.
In linear regression analyses (Figure 2 ), GWG was positively associated with offspring BMI-Z at all ages, and the associations showed no notable changes by adjustment for confounders, despite sample reduction due to missing values. Further adjustments for birth weight attenuated the effect of GWG, but it remained significant or borderline significant at most ages. Birth weight was significantly positively associated with offspring BMI-Z from 1 to 14 years (data not shown), and the attenuation of the effect of GWG on offspring BMI by inclusion of birth weight to the model was strongest during childhood. In an adjusted model (n ¼ 1540), adult BMI increased 0.10 (95% CI 0.04-0.17) kg m À2 per kg gain in GWG. Gestational weight gain and offspring obesity L Schack-Nielsen et al
As expected, maternal pre-pregnancy BMI was positively associated with offspring BMI-Z at all ages, but there was no consistent interaction between maternal BMI and GWG in relation to offspring BMI in neither the linear nor logistic regressions. This was observed both with maternal BMI defined as a continuous variable or dichotomized by BMI o21.2 versus X21.2 kg m À2 , corresponding to the median BMI in the sample, or by BMI o25 versus X25 kg m
À2
. The effect estimates in the linear regression analysis (b (95% CI)) with adult BMI-Z (42 years) as the outcome was for offspring of mothers with a BMI below versus above the median 0.023 (0.003-0.043) and 0.024 (0.002-0.047) BMI-Z per kg GWG, respectively, P-value for interaction 0.389. Furthermore, GWG did not show any interaction with sex or maternal smoking during pregnancy in neither linear nor logistic regression analyses (data not shown).
The regression of offspring adult (42 years) waist circumference on GWG, adjusted for covariates and birth weight, showed a positive association (b (95% CI), 0.29 (0.10-0.46) cm waist circumference per kg GWG (P ¼ 0.001)). This effect disappeared by including current BMI in the model (0.05 (À0.07-0.16) cm waist circumference per kg GWG).
Path analysis
Finally, as illustrated in Figure 3 , path analysis was used to divide the total effect of GWG on offspring BMI-Z (42 years) into a direct and an indirect effect mediated by birth weight and BMI-Z during childhood (1-14 years) . The path analysis was based on the full sample of 4234 individuals, as those with missing information on adult BMI still contribute with information on other associations. The analysis was adjusted for all covariates and resulted in a total effect of GWG on adult BMI at 0.022 (0.011-0.033) BMI-Z per kg GWG, which is very similar to the result obtained by ordinary multiple regression (0.027 (0.013-0.041) as shown in Figure 2 . The indirect effect was 0.011 (0.004-0.018), which was computed by adding all products of coefficients found along each path in the path diagram leading from GWG to adult BMI. The direct effect of GWG on adult BMI-Z, that is, the effect that was not mediated by birth weight and BMI-Z up to the age of 14 years was 0.011 (À0.001-0.023). Gestational weight gain and offspring obesity L Schack-Nielsen et al
Discussion
This study suggests a consistent positive effect of GWG on offspring BMI during childhood through adulthood. Apparently, half of the effect of GWG on offspring adult BMI (42 years) was mediated through birth weight and BMI from 1 to 14 years of age. At the age of 42 years, there was a significant, but small effect, on the average BMI (0.10 kg m
À2
per kg GWG), and a significantly increased risk of obesity with increasing GWG (8% per kg GWG). This corresponds to the general observation that the obesity epidemic primarily reflects an increase in the proportion of obese subjects rather than an increase in the overall level of BMI in the population. 1, 23 These findings were obtained in a cohort reflecting a marked increase in the prevalence of overweight; from 9% among the mothers to 53 and 33% for the male and female adult offspring, respectively, which corresponds to the current prevalence in Denmark. 23 No Danish data for trend in GWG are available to quantify the potential contribution of GWG to the obesity epidemic, but a Finnish study reported an approximately 1 kg increase in mean GWG from the 1960s to the mid-1980s. 24 If this is associated with an 8% increase in obesity prevalence, as suggested by this study, we find this of great public health relevance. Our findings agree with other studies 11-15 examining children aged 2-14 years and young adults aged 21 years. 16 In three of these studies, [11] [12] [13] the prevalence of maternal and childhood overweight was higher than in our study. This consistency is particularly important because our cohort had an overrepresentation of mothers with previous or current pregnancy complications as well as single mothers, whereas the study populations of the other studies were characterized as socially advantaged, 11,15 nationally representative 12 or multiethnic. 14 In contrast, studies with other primary focuses have reported no effect of GWG on offspring BMI in childhood 25 or young adulthood.
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GWG is positively associated with birth weight even when stratifying on factors such as maternal BMI, age, parity and educational level. 27 In accordance with others, [11] [12] [13] [14] [15] [16] our data suggest that birth weight is not a predominant mediator of the effect of GWG on offspring BMI. Instead, these intrauterine effects could be related to permanent modulation of appetite control, neuro-endocrine pathways influencing adipose tissue development and function or Gestational weight gain and offspring obesity L Schack-Nielsen et al energy metabolism causing development of obesity in later life. 5, 28 It is also possible that birth weight is not sensitive enough to measure GWG influences on fetal growth, which is suggested by an observed effect of GWG on body fat percentage at birth independent of pre-pregnancy BMI. 29 To explore further whether the effect of GWG on adult BMI (42 years) was mediated through BMI during childhood, we used path analysis. 21 The direct effect constituted theoretically half of the total effect and was independent of the effect of GWG mediated through birth weight and BMI up to the age of 14 years. We find it likely that the same pattern applies to adult obesity (42 years), that is, a considerable part of the effect of GWG is not expressed until after childhood. In another study, normal-weight children were compared with children with early (o6 years) and late onset of overweight (6-10 years), and GWG was found to predict only early-onset overweight. 12 It is possible that the effect of GWG is to make the offspring more susceptible to an obesogenic environment, which would imply that the expression of the effect is dependent on environmental exposures more than on the age of the individual. Our finding of a consistent positive effect of maternal prepregnancy BMI on offspring BMI at all ages is supported by numerous studies 12, 25, 26 and is likely to primarily reflect the well-known genetic effects on obesity. 30 In addition, in agreement with other studies, 31, 32 women who had the highest pre-pregnancy BMI had the lowest GWG. The largest of the studies 14 on GWG and offspring obesity revealed an interaction such that the effect of GWG on the offspring risk of overweight was strongest in underweight mothers. In our study with a majority of normal-weight mothers and in a US study with a higher prevalence of overweight mothers, 11 there were, however, no indication of an interaction between GWG and maternal pre-pregnancy BMI, suggesting that a high GWG may not be more harmful in obese women than in the normalweight group with respect to offspring BMI. The major strength of our study is the use of information on GWG and potential confounders collected in early life, and the long-term multiple follow-up examinations through childhood and adulthood. A limitation is that the precision of the association between GWG and offspring BMI would have been higher, if information on exact dates for GWG measurements had been available, and if GWG had been recorded in absolute values instead of categories. The cohort consisted of a high proportion of both unmarried mothers and mothers with previous or current pregnancy complications, but the findings were robust in that they did not change by adjustment for pregnancy complications as edema, hypertension and pre-eclampsia. If the high-risk status of the cohort should have affected the results and the conclusions, it would imply that the high-risk features in some way operate as effect modifiers on the association between GWG and offspring obesity, which we find an unlikely hypothesis given the outcome of our analysis. Furthermore, the consistency between our findings and other childhood studies and between childhood and adult data in the present study supports the generalizability of the findings. Information on adult weight, height and waist circumference was subject to participation bias and potential misreporting, but an important bias seem unlikely as the findings were in accordance with the analyses based on mandatory examinations in childhood and at draft board. We find the limitations of this study to most likely contribute to a conservative estimate of the effect size.
This study suggests that greater GWG may contribute to the obesity epidemic among children and adults, which is of particular importance because the greatest GWG occurs among non-obese women. Thus, this effect seems to recruit subjects to the obese segment of the population from the non-obese segment in the preceding generation. GWG seems to have a long-term direct effect on offspring adult BMI, which is independent of the effects of maternal pre-pregnancy BMI and partly independent of the effects of birth weight and BMI in childhood. This suggests that GWG may permanently change the susceptibility of the offspring to obesogenic environments, and for this reason excessive GWG should be avoided.
